have demonstrated that two factors are the prime determinants of acid excretion and bicarbonate reabsorption; first, the diversion to distal exchange sites of sodium previously reabsorbed in the proximal tubule and loop of Henle; and, second, a stimulus to sodium-cation exchange greater than that produced by a low-salt diet alone. In the present study we have examined the hypothesis that these two factors are also the prime determinants of acid excretion during the administration of mineral acid loads. To test this hypothesis, we have administered to dogs ingesting a low NaCl diet a daily dose of 7 meq/kg of H' with anions (chloride, sulfate, or nitrate) whose differing degrees of reabsorbability influence the speed and completeness with which each is delivered to the distal nephron with its accompanying Na'. After 2-3 wk of acid administration, and after an initial urinary loss of Na' and K+, the steady-state value for plasma [HCOs-] was 8.6 meq/liter below control in the HCl group, 3.7 meq/liter below control in the H2S04 group, and unchanged from control in the HNO3 group; all of these values were significantly different from each other.
A B S T R A C T Previous studies in metabolic alkalosis
have demonstrated that two factors are the prime determinants of acid excretion and bicarbonate reabsorption; first, the diversion to distal exchange sites of sodium previously reabsorbed in the proximal tubule and loop of Henle; and, second, a stimulus to sodium-cation exchange greater than that produced by a low-salt diet alone. In the present study we have examined the hypothesis that these two factors are also the prime determinants of acid excretion during the administration of mineral acid loads. To test this hypothesis, we have administered to dogs ingesting a low NaCl diet a daily dose of 7 meq/kg of H' with anions (chloride, sulfate, or nitrate) whose differing degrees of reabsorbability influence the speed and completeness with which each is delivered to the distal nephron with its accompanying Na'. After 2-3 wk of acid administration, and after an initial urinary loss of Na' and K+, the steady-state value for plasma [HCOs-] was 8.6 meq/liter below control in the HCl group, 3.7 meq/liter below control in the H2S04 group, and unchanged from control in the HNO3 group; all of these values were significantly different from each other.
We would propose the following explanation for our findings: when HCl is administered chronically, marked acidosis occurs because distal delivery of Cl-is restricted by the ease with which the Cl-can be reabsorbed in the proximal portions of the nephron. Only when Cl-retention produces sufficient hyperchloremia to insure delivery of Na' (previously reabsorbed in proximal tubule and loop of Henle) to the distal nephron in quantities equal to ingested Cl is this primary constraint removed. In the case of sulfuric and nitric acids, there A preliminary report of this work was published in abstract form in J. Clin. Invest. 49: 40a (Abstr.). 1970 .
Received for publication 9 Jul1y 1973 and in revised form 17 September 1973. is no constraint on distal delivery, the nonreabsorbability of the administered anion causing prompt, total delivery of Na' to exchange sites in quantities equal to administered hydrogen. Thus, with H2SO4 and HNO3 the sole constraint on removal of the acid load is the inability of the distal exchange mechanism to conserve the Na' increment fully by means of H' exchange. Escape of Na' and K+ into the urine and the resulting stimulus to Na'-H' exchange remove this constraint and are responsible for establishment of a new steady-state of acidbase equilibrium at plasma [HCO3-] levels significantly higher than those seen with HCl. The feeding of HCl in the presence of a normal salt intake led to a degree of metabolic acidosis not significantly different from that seen in dogs ingesting a lowsalt diet. We suggest that the presence of dietary sodium at distal exchange sites did not enhance acid excretion because it is only after a loss of body sodium stores that sodium avidity is increased sufficiently -to allow full removal of the acid load.
The present findings indicate that the fundamental factors controlling acid excretion and bicarbonate reabsorption in metabolic acidosis are closely similar to those operative in metabolic alkalosis.
INTRODUCTION
Available data provide little support for the hypothesis that renal acid excretion is regulated primarily by changes in systemic acid-base balance. In fact, a variety of experiments during the development and maintenance of metabolic alkalosis indicate that both acid excretion and bicarbonate reabsorption can be progressively augmented in the face of a rise in both plasma bicarbonate concentration and pH (1) (2) (3) . An (4, 5) . The present studies were undertaken to explore the possibility that the mechanisms responsible for regulating acid excretion in metabolic alkalosis also control acid excretion in metabolic acidosis. To this purpose we have administered large hydrogen ion loads with anions that were either highly reabsorbable (chloride) or poorly reabsorbable (sulfate and nitrate) and have carried out detailed metabolic balance studies over several weeks. The data demonstrate notable differences in the response of plasma bicarbonate concentration and in electrolyte balance during long-term administration of the three acids to dogs ingesting a low-salt diet. These differences appear to be fully accounted for by the effect of the administered anion on delivery of proximal sodium loads to distal exchange sites. Animals given hydrochloric acid and a normal salt intake underwent virtually the identical reduction in plasma bicarbonate concentration as did those on a low-salt diet. We conclude that in the dog the primary factors controlling the secretion of acid and reabsorption of bicarbonate in both metabolic acidosis and alkalosis are first, the rate of delivery of proximal sodium to the distal nephron. and second, the avidity of the distal exchange sites for sodium.
METHODS
Balance studies were carried out on 43 female mongrel dogs weighing between 11 and 23 kg. Animals were utilized only if average control plasma [HCO.-] was between 21.0 and 24.5 meq/liter. After a control period of 4-9 days each animal was fed one of three mineral acids (hydrochloric, sulfuric, or nitric acid), in association with either a normal or low NaCl intake, until a new steady-state level of plasma [HC031I had been achieved. Seven combinations of anion, hydrogen load, and dose of sodium chloride were employed; these are specified in Table I .
Throughout the study each dog was fed 25 g/kg/day of a synthetic diet, the composition of which has been previously described (6) . The intrinsic electrolyte content of the diet was approximately 1 meq of sodium, 0.5 meq of chloride, and 0.1 meq of potassium/100 g. Each day, 2.5 meq/kg of potassium as neutral potassium phosphate was added to the diet. The diet was mechanically blended with twice its weight of water and fed in one or two portions. Supplemental electrolytes and acid were added to the mechanically blended diet from stock solutions, the composition of which had been verified by direct analysis. Dogs that did not eat spontaneously were force-fed and those that vomited at any time were discarded.
Preliminary studies suggested that a steady state of acidbase balance was *achieved within the first few days of hydrochloric acid administration but that with sulfuric and nitric acids a period of approximately 2 wk was required before a steady state was achieved. All nitric and sulfuric acid studies were therefore carried out for 21 days. The first ten HCl studies were also carried out for 21 days but when statistical analysis of these studies demonstrated that a steady state was achieved considerably earlier, the duration of the remaining studies with HCl was reduced to 15 days.
The details of the balance technique, calculations, and most of the analytical methods have been described previously (7, 8) . Stool and urine nitrogens were determined by a manual or by an automated (9) Kjeldahl digestion method.
RESULTS
Unless otherwise specified, the term "significant" will be used to describe a difference that has a P value of less than 0.01. To examine more rigorously the possible influence of the level of NaCl intake on plasma bicarbonate concentration during the feeding of 7 mM/kg/day of HC1, an additional 12 studies were carried out in animals ingesting a normal NaCl diet and an additional 15 studies in animals ingesting a low NaCl diet. A comparison of the total group of normal NaCl studies (numbering 19) with the total group of low NaCl studies (numbering 21) indicated no significant influence of NaCl intake on acid- This relationship is best defined by the quadratic regression, y = 0.219 x2.
The relationship between dose of acid administered and the reduction in plasma bicarbonate concentration in the low NaCl studies was similar to that in the normal NaCl group; the decrement in average plasma for the 3.5 mM/kg/day group was -3.7 meq/liter, compared with -8.6 meq/liter for the group receiving 7.0 mM/kg/day.
The right-hand portion of Fig. 4 Effect of nitric acid (7 mM/kg/day) in dogs ingesting a low NaCl diet PLASMA DATA (TABLE III) . Plasma [HCOS-] fell to its nadir over the first 3 days of acid-feeding, reaching a value 3.5 meq/liter below control. Over the next 10-12 days, there was a significant rise that restored plasma bicarbonate conccntration to normal (Fig. 8) . Statistical analysis of the data from days 15 to 21 reveal that the slope was negative and significantly different from zero; however, since the absolute value was quite small, (- Table II. Plasma phosphate, sulfate and hematocrit values were not appreciably altered from control in any group during the entire study. Plasma creatinine values were not significantly different from control in any group during the entire course of each study.
DISCUSSION
The present study indicates that the hydrogen ion load cannot be invoked as the major factor determining the level of plasma bicarbonate concentration during chronic administration of a mineral acid. This conclusion is based on the finding that dogs given large doses of hydrochloric acid (7 mM/kg/day) while ingesting a low-NaCl diet show reductions in plasma bicarbonate concentration that are significantly greater than those seen in dogs given equivalent quantities of H' as nitric or sulfuric acid. Thus, after three days of acid feeding (a time at which bicarbonate concentration had reached its nadir) the plasma bicarbonate concentration in animals receiving hydrochloric acid had fallen by 8.1 meq/liter, whereas bicarbonate concentration in dogs receiving sulfuric or nitric acids had fallen significantly less, by only 5.9 and 3.5 meq/liter, respectively. These differences became even more striking during the succeeding 1-2 wk of acid feeding, bicarbonate concentration in animals receiving hydrochloric acid remaining at its nadir but the concentration rising significantly in both the sulfuric and nitric acid groups. As a result the steady-state values for plasma bicarbonate, relative to control, were -8.6 meq/liter for HCl, -3.7 meq/liter for H2SO4, and + 2.1 meq/liter for HNO8 (Fig. 3) , each value significantly different from the others. These findings appear to exclude the possibility that the major stimulus to increased hydrogen excretion during administration of a mineral acid is a change in systemic acidbase balance.
On the basis of our data, we suggest that hydrogen ion secretion during acid loading is governed by fundamentally the same factors that govern acid secretion and bicarbonate reabsorption in metabolic alkalosis. Recent, studies indicate that in metabolic alkalosis two, and only two, factors are responsible for the increase in hydrogen ion secretion; first, the delivery of sodium to distal exchange sites 2 with an anion other than one derived from dietary or endogenous acids, and second, a stimulus to distal sodium-cation exchange greater than that provided by a low-sodium diet alone (4, 5) . The way in which these two factors interact to produce metabolic alkalosis is well illustrated by the response of the kidneys to the gastric drainage of hydrochloric acid (2-4). As bicarbonate replaces chloride in the glomerular filtrate, the capacity of the proximal tubule to reabsorb bicarbonate is exceeded and the excess bicarbonate is delivered with sodium to exchange sites. Because-a low sodium intake per se does not stimulate distal sodium exchange sufficiently to allow full conservation of the extra sodium load, and because potassium is readily available for exchange with that portion of sodium that is conserved, only part of the sodium increment is reabsorbed in exchange for hydrogen. As a result there is a considerable loss of cation into the urine with bicarbonate. However, as the sodium loss and concomitant contraction of extracellular fluid stimulate sodium reabsorption, and as the depletion of tubular potassium stores reduces the availability of this cation for exchange, sodium-hydrogen exchange is enhanced and sustained metabolic alkalosis develops.
The same basic mechanisms appear to account for the response of the alkalotic subject fed a hydrogen ion load in association with a poorly reabsorbable anion (7) . Given the increased delivery of sodium to distal exchange sites produced by the anion load, and given the marked avidity for sodium already present in the alkalotic subject, sodium-hydrogen exchange and acid excretion increase despite the persistent elevation of both plasma bicarbonate concentration and pH. The rise in acid excretion and in plasma bicarbonate concentration seen in cation-depleted dog and man given sodium or potassium sulfate can be well explained in the same fashion (4, 11, 12) .
The present study indicates that the fundamental mechanisms responsible for the increased secretion of hydrogen during mineral acid loading in the dog are the same as in metabolic alkalosis. It appears that for the kidney to remove a mineral acid load, two and only two conditions must be satisfied; first, sodium previously reabsorbed in proximal portions of the nephron must be delivered to exchange sites in quantities equal to ingested hydrogen, and second, a stimulus to sodium-cation exchange greater than that provided by a low-salt diet must be present.
Against this background we can now turn to a detailed consideration of the changes observed with the three 'The term "exchange" as used in this paper, does not imply fixed coupling of cation transport, but rather the facilitation of potassium and hydrogen excretion by increased distal sodium delivery. mineral acids, 'begining with hydrochloric acid. As has long been known, during HCl adiministration there is an initial loss of sodium and potassium accompanied by a progressive rise in acid excretion, plasma bicarbonate concentration reaching its nadir after several days (13) (14) (15) (16) (17) . The usual interpretation of these findings is that acidosis stimulates the kidney to increase acid excretion and that the inability of the kidney to increase rapidly the production of free base, ammonia, accounts for the transient phase in which sodium and potassium are lost in the urine in association with administered chloride. Our data suggest a different interpretation, as follows: when HCl is administered, the chloride increment is presented to the kidney with sodium formerly reabsorbed with bicarbonate. For hydrogen to be excreted in an amount equal to ingested hydrogen, all of this sodium must be delivered with chloride to distal exchange sites. However, because chloride is a highly reabsorbable anion, there is an initial retention of chloride that denies the distal tubule access to sodium in amounts equal to ingested hydrogen. As a result, hyperchloremia, retention of hydrogen, and a reduction in plasma bicarbonate concentration occur. However, as chloride retention elevates plasma chloride concentration, ever larger quantities of chloride escape reabsorption, carrying sodium previously reabsorbed in the proximal tubule and loop of Henle to the distal nephron. Thus, the quantity of sodium delivered to distal exchange sites ultimately reaches a level equal to hydrogen intake.
Although this sequence of events removes the primary constraint on excretion of the acid load, increased delivery of sodium is not in itself sufficient to fully augment acid excretion, because a low-sodium diet does not provide a stimulus to distal transport mechanisms powerful enough to effect full conservation of the sodium load. Moreover, some portion of the sodium that is conserved exchanges with potassium instead of with hydrogen. Thus, just as in metabolic alkalosis, only after there is a loss of sodium, as well as some depletion of potassium stores, can all additional sodium arriving from the proximal portions of the nephron be conserved by exchange with hydrogen and can a new steady state of acidbase balance be achieved.
The situation with sulfuric acid is quite different because, in contrast with hydrochloric acid, there is no constraint on delivery of administered anion to exchange sites; all administered anion (and accompanying sodium) completely escapes reabsorption in the proximal tubule and loop of Henle, and is delivered promptly to the distal nephron. Thus, the ability of the distal nephron to accelerate sodium-hydrogen exchange is the sole determinant of the amount of hydrogen that can be excreted and therefore of the degree of acidosis that will occur. Obvi-ously this second constraint (i.e. a limit on rate of acceleration of distal hydrogen ion secretion) is present regardless of the character of the administered anion and is responsible for a significant retention of hydrogen before the loss of sodium and potassium leads to full acceleration of sodium-hydrogen exchange. As a result, during sulfuric acid administration there was an initial fall in plasma bicarbonate concentration of 5.9 meq/ liter. As a further consequence of the cation loss there was a contraction of extracellular fluid and a rise in plasma chloride concentration of a magnitude almost equal to the fall in the plasma bicarbonate concentration.3
The behavior of the kidney after the initial fall in bicarbonate concentration induced by sulfuric acid further illuminates the interplay of anion reabsorbability and acid-base equilibrium. As pointed out above, the sulfuric acid animals, because of the initial contraction of the extracellular fluid, developed over the first 3 With nitric acid, as with sulfuric, the failure to excrete the acid load during the initial phase of acid feeding was not the result of a limitation on the distal delivery of sodium but rather was the consequence of both an insufficient distal avidity for sodium and of the ready ' The loss of sodium (but not of potassium) in the sulfuric acid animals was much larger than in the HCO animals (Table II) . We believe that this finding is accounted for by the fact that animals given sulfuric acid were confronted with a larger load of sodium to be reabsorbed at exchange sites than were the HCO animals; sulfuric acid animals were faced not only with the standard 7 mM/kg of proximal sodium reaching the distal tubule with administered anion, but with sodium delivered distally with bicarbonate in quantities considerably larger than in the more acidotic HCl animals. ' The final chloride concentration, although at control levels, represented a slight but significant hyperchloremia when compared to the rediced serum sodium concentration that developed during prolonged sulfuric acid feeding (Table III) .
Schwartz availability of potassium for exchange. Nitrate, it will be recalled, is a partially reabsorbable anion that displaces chloride from reabsorption and later is itself delivered into the urine (2) . Administration of nitrate, therefore, leads to the delivery of anion and sodium to exchange sites in quantities in excess of administered nitrate, and for this reason the effectiveness of distal sodium-hydrogen exchange is the sole determinant of acid excretion. Thus, during nitric acid administration there was an initial loss of cation, a retention of acid and a contraction of extracellular fluid that led to a rise in the sum of chloride plus nitrate. However, by contrast with sulfuric acid, continued nitric acid ingestion promoted delivery of anion (with sodium) to the distal tubule in excess of administered anion; as a result all of the acid retained originally was removed by sodiumhydrogen exchange and the concentration of bicarbonate in the plasma was restored to normal.' Thus, with nitrate, as with sulfate and chloride, the entire sequence of changes in acid-base balance can best be accounted for within a theoretical framework that does not invoke as a controlling factor either the hydrogen ion load or a change in systemic acid-base balance.
Influence of sodium chloride intake on the response to hydrochloric acid administration. The data demonstrate that the level of sodium chloride intake does not influence the way in which the dog responds to the admlnistration of HCL. Animals ingesting a high-salt diet show a reduction in plasma bicarbonate concentration virtually identical to that seen in those ingesting a low-salt diet. Thus, as might be anticipated from our theoretical framework, availability of dietary sodium chloride at distal exchange sites during acid loading did not in itself lead to accelerated sodium-hydrogen exchange or limit the fall in plasma bicarbonate concentration. It is only after a loss of body sodium stores, induced by delivery into the urine of sodium previously reabsorbed in proximal portions of the nephron, that sodium avidity was increased sufficiently to allow full removal of the ingested acid load. It is of particular interest that the loss of sodium in dogs on either a high-or low-salt diet was small and virtually identical. This finding may be accounted for by the fact that the extracellular volume on either a high-or low-salt diet before acid feeding is virtually the same in both groups, i.e. that the slope relating sodium loss to sodium avidity is extremely steep.6 Thus, our present studies throw no light on 'We believe that the continued loss of small quantities of sodium throughout the period of nitric acid feeding is evidence that the capacity of the distal exchange mechanism, even when maximally stimulated by sodium depletion, was exceeded.
'When the sodium chloride intake of a normal dog is reduced from 2.5 meq/kg/day to less than 0.1 meq/kg/day, whether the magnitude of the sodium loss during administration of a standard hydrochloric acid load to the dog is a variable directly related to, or is independent of, initial extracellular fluid volume.
We should also point out that although sodium chloride intake had no significant influence on the response of the dog to HCJ, it would be expected to influence the response to sulfuric and nitric acids. It is obvious that when dogs are given sodium chloride and, in addition, are given a large hydrogen load with a nonreabsorbable anion, the effect is equivalent to giving part of the hydrogen load as hydrochloric acid. Further studies will be required to examine the complex interplay of forces determining the new steady state of acid-base equilibrium under such experimental circumstances.
